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Effective Use of Renewable Energy Forecasts Lowers Overall
System Costs and Enables Higher Penetration Levels

“As yet the wind is an untamed
and un-harmessed force; And
quite possibly one of the greatest
discoveries hereafter to be made
will be the tamiing and harnessing
of the wind.”

Abraham Lincoln
Bloomington, IL
April 4, 1858
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http://transmission.bpa.gov/business/operations/Wind/WIND_InstalledCapacity_PLOT.pdf

Renewable Integration Solutions

High )
Cost
Integrating renewables is a
cost issue, not a reliability issue
Low
Cost >
Low Wind . High Wind
Penetration Level Low High Penetration Level

tive to other solutions
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Why Forecast Renewable Energy?
The System Operator/BAA Perspective

* Reduces the amount of balancing reserves that need to be held
* Enables cheaper units to be committed

* Increases use of renewable units and reduces utilization of
fossil units

* Reduces transmission curtailment and oversupply problems

Variable Generation Forecasts Increase Operational

Efficiency Within A BAA, Reduce Overall Costs And

Allow More Wind To Be Economically Integrated
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Why Forecast Renewable Energy?
The Owner/Operator/Offtaker Perspective

* See last slide! Reduces costs passed from BAA
* Allows wind generation to be traded/bid in/hedged

* Crucial to efficient operations and maintenance (and
construction)

* Important for safe O&M — severe weather

Forecasts Increase The Value Of An Owner/Operators
Generation Capacity And Ensure That It Is Utilized
To The Greatest Extent Possible

=

) JPAY
e SharplyFocused




Examples of Potential Savings

O&M Optimization 45

« A 100 MW wind farm delivers 2.4GWh :
per day at full power => $168K/day! '

3.5
3
« A crane replacing a 55,000 lb gearbox 2'2
can only operate in winds below 11 m/s 1
— Possible costs if crane is mobilized at 1
wrong time: $100K or more 0.5

O T T T 1

$B/Year

Renewables Integration EWITS WWSIS GE-ERCOT XCEL
. Savings estimates for 20% wind using a perfect
« Costs estimated at between $3 and $12 / MWh DA forecast instead of current SOA DA forecast .

« That’s $270 M to over $1B at today’s relatively low penetration level!

« Improved forecasting accuracy, particularly in the short-range horizon will be a big driver
in determining the cost of VER integration

« E.g. BPA proposed $12/MWh WIC for 2010/2011 rate period. Proof of better forecasting
played a role in reducing this by over 50% saving $120 M+ in charges to wind over the
rate period.
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What determines the value of a wind forecast?

* Market design/rules and operating practices

* System operator charges, incentives and penalties

* Forecast accuracy and reliability

* Forecast confidence and a reliable measures of it
* Variability of the wind resource in time and space

* How the forecast is communicated and used

Forecasting Is Not A Silver Bullet
It Needs To Be Melded With Market/System Changes
That Maximize Benefits And Minimize Costs of VERs
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Why Is Wind Forecasting Difficult?

80 I I I I I I 25

— Plant Output
= Hrly Ave (Perfect Fcst?
70 y ( )
— Park Ave Wind \\(v
- 20
60 ,

[EEY
ol

LA T

0Tz | vf‘.

‘-?
7
-
Wind Speed (m/s)

=
o

Power (MW)
[
=]
o
<

20

r’F/

Y
harplyf™ ocused



Variability and Uncertainty
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Variability and Uncertainty
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Reliability in the Context of Variability and
Uncertainty

 Variability cannot be removed by

forecasting but impact can be Big Horn Hour Ahead Forecast TME: 11042008 @ 090236 PST
reduced by a) knowledge, M| 0 4 127193199198197 193 1\.'1 194192 188 184162/181/181/180 § é
Now ‘ a3

b) shorter scheduling intervals,
c) diversity, d) storage

« Uncertainty is in forecasters
realm. It can be reduced but
never completely eliminated.

« Uncertainty is typically

Energy Production [MW]
3
Percent of Total Capacity [%] ™

. . ey ® . 0 4 0
communicated using probabilistic e o e 0w 7w w0 0w e s w0 e o
o L3 Aviilabie VW3 luesdny
Confldence lntervals ["us WES 1908 1984 ;:ms: ey 1985 19ES 1065 1985 TS 1U6A 1985 1955 1965 198 :.]
. . . PR Observed Data Trace  Syspectec Cutout Event  Max A:m:g,:/_;am‘;,_y Pregiction Interval ~ Forecast Data Trace
[ J Intervals descrlblng Varlablllty Gopyrght 2008 3TIER Inc CONFOENTIAL Do not copy, relasse, o redistibute

: Example above is illustrative only and typical of state-of-the-art. Author is

and uncertalnty need tO be not making any representation about reliability of confidence intervals of

one vendor relative to any other.

reliable when it matters. Often
they are not:
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Specific Challenges To Forecasting Ramp Events

* Predicting atmospheric variables at the spatial and
temporal scale required for renewable energy
applications is pushing the envelope ramp or no ramp

* Ramps events highlight the limitations of models and are
the biggest source of forecast failure because power curve
mathematics magnify these limitations

* Ramps typically involve atmospheric phenomena and
multiple scales. Typical causes some combination of :
- Frontal systems, thunderstorms, mixing, terrain induced flow,

thermally induced flow, low-level jets, extreme weather outside of
machine operating range

* In generall henomena are easier to predict at
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KL3 Wind and Gerseation

Multiple ramps associated with | | , _ 5
synoptic system and local scale
mixing and terrain interactions

200

Key Characteristics: High spatial and
temporal variability and complexity

Required approach: Hi-res probabalistic

Challenges: Data, data (vertical),
assimilation, resolution (horiz and vert),
ensembles and post-pro, parameterizations
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1km WRF GORGE RESEARCH SIMULATION Init: 1200 UTC Sat 24 Apr 10

Post Frontal: Strong ﬂOW Fest:  9.00 h Valid: 2100 UTC Sat 24 Apr 10 (1400 PDT Sat 24 Ap,r 10)
across The Cascades setting o
up mountain waves.

Key Characteristics: High spatial and
temporal variability and complexity

Required approach: Hi-res probabalistic

Challenges: Data, data (vertical), D =2
assimilation, resolution (horiz and vert), - yyl ¢ ol mv/»:r «b

100 =57

ensembles and post-pro, parameterizations ¢ i ‘W»’* ‘&* o

-~
-~
hattTs

O O 0 e
0 2 B 8 8 10 14 16 18 20 22 24 286 28 30 32 34 ms™!

Model Info: V3.0 No Cu YSU PBL Ferrier Ther—-Diff 1.0 km, 30 levels, B sec
LW: RRTM SW: Dudhia DIFF: simple KM: 2D Smagor

Hi-res
deterministic
model identifies
phenomenon but
not details
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Mountain waves —
park details

e e SN e e

Big Horn el

' em-rem Mw mdueed: 155.9*j
Current Reliable m-bmes- 131 7, vt
Current Un-Reliable Turbines: N | Fo

“Last Hour MW Produced: 181.5
l Park Merage WIS (m/s):

;'. Wlnd speeds
, gf' 13-20 m/s

.u"‘ BT

. £} Tow :

1.3 Wind and Generaton
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kL3 %WWind and Generation

2213 25 2213 22113

=200
Downramp as

wind backs to
E again

ThunderStOl‘m [ Ramp from the South to ﬂV
Outflows
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100
W
0 1] 0 0
£/4/2009 12:00:00 PM - &, &, 12.00 hours <[> & B/5/2009 12:00:00 AM
KL2 tower wind direction:
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-
_— ! e NW \
3 % |Foo
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75 I
 /
A ‘
200
iy [ East Wind, Low Power ] ‘
3 |10 __ ‘
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Vertical Mixing and Boundary Layer Processes

Windogics « Diurnal heating/cooling cycle
‘—/ .
Diurnal Evolution of Boundary Layer (Idealized Case) — Huge role in wind energy

A

— Some effect on solar

Mechanical mixing/turbulence

Forecasting vertical mixing is
S very difficult:

BL

— Got to get surface right (soil,
] snow, moisture, land use)

. — Got to get the PBL right
I ... BT — Got to get the clouds right

_ i ioht!
BIG DEAL? YES Got to get the winds aloft right!

— 1.e. the top NWP problems
See Next Slides

Height
l Pt
N |
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An Example of Warm Sector Mixing in Terrain

mumm | MET TOWER INFO F][PARK PRODUCTION
Wind speed 20 mis 4 KL1 £ | 24 MW
Wind direction 220° KL2 1 I 75 MW
Temperature Scd@d KL3 2 | 224 MW
K3A 3 1 77T MW
5:22 PDT oo
SP1 25 99 MW
KL3 =
Most productionis | .
confined to highest | | i/
elevations where |1z O
some turbines see |szsmes | Lo [N
T TOWER INFO
almost full output Wndspeed 20 mis

Temperature 6 "C

MET TOWER INFQ~
Wind speed 53 s

Wind directigz

[ b %
J i i -y
o/ 1 '
3 ' y S . - ‘ ] ”
Tempe (] 7.*C ol ' A
. & { | MET TOWER INFO | o
) oy © s Wind speed 61 mis [
, N c . +| Wind direction 230°
d / Y Temperature g °c| '. ’
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An Example of Warm Sector Mixing in Terrain

PARK PRODUCTION
KL1 1 i 24 MW
KL2 3 I 75 MW
KL3 34 ! 224 MW
K3a 20 1 TT MW
HA1 92 1101 MW
SP1 71 I 99 mw

[ MET TOWER INFO
Wind speed 14 mis

Wind direction 195°
:22 PDT
6 [ 2 2 Temperature Scid

Production has KL3
spread throughout |
the higher parts of |7 {7

8
3 1113 mis
the wind farm, but |22 | || 1
low elevation e N Eh

ET TOWER INFO

S

turbines still aren’t

Wind speed 48 mis
. Wind direction 211"
at Cut ]_n Speeds Temperature 7T °C
MET TOWER |
Wind speed 2 mis
Wind dires
Tew re

e =]
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An Example of Warm Sector Mixing in Terrain

~7:22 PDT

Turbines in higher
elevations are close
to cut out, but low
elevation rows still
haven’t cut in!

MET TOWER INFO
Wind speed
Wind direction
Temperature

72 mis
218°
Scd

57 s
79 mis

11-13 s
13-20 mi/s
20-25mis
>25mis

Wind speed 8.1
Wind direction 225"

| —
o '
A
ET TOWER INFO
mis

Temperature L B o
MET TOWER INEZ
Wind speed &~ mis

Wind direg
Tem

204° I* i
10°C

qture

- L

PARK PRODUCTION
KL1 7 | 24 MW
KL2 22 | 75 MW
KL3 63 1224 MW
K3A 54 | TT MW
HA1 25 1101 MW

80 | 99 Mw

MET

TOWER INFO | =
Wind speed 172 mis |
| Wind direction 208"

11°Cc |

i

~| Temperature

k

0 =
harpIyFocused



Time series view of temperature and power output at
the north (low elevation) and south ends of the facility

KL2 tower temperature (C):
* &

This was just |
one example. P J T
— e~
Mixing related |
forecasterrors |, ,., | T
3/29/2010 2:00:00 AM &, & 6.00 hours<[>» & 3/29/2010 8:00:00 AM

Occur all the SP1 tower temperature (C)

time in 12 12 100 .ye_;?gec
association "’ Iy / . e
with numerous | | =~ +— /M“w "
phenomena at |

all scales I /
P

3/29/2010 2:00:00 AM & &, 6.00 hours <> 312912010 8:00:00 AM

®
L
]
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Down Ramps Due To Extreme Weather

Tower average wind speed:  m/s @ 80 m
25
" EISNA RSV TN
W -
10
5
3(’)/10/2009 1:25:55.38.1ﬂPM 12.00rh0ursA 3/11/.2009 1:25755.381 AM
» High wind cut out and icing ok TorPower iy 00
are the threat 1005
« High and low temperatures :
can also be an issue
« Typically “slow” events :Z
 But can have very large o L e T
Onomic i 3/10/2009 1:25:55.443 PM 12.00 hours 3/11/2009 1:25:55.443 AM
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The Current State of the Art

Power (MUY

Comparison of Actual, Forecast and Forecast Error For First Third Of November 2008

100 H

Actual
Forecast

—

* Small average error - MAE~9%

* Record is punctuated by large
errors collocated with ramps '

(Typically 60%-70% MAE)

b Election
Day!!
B0 | | | | | | | | |
Mow 1 Mow 2 Mov 3 Mow 4 Mow & Mov B Maow 7 Mow 8 Mow o Mow 10 Mow 11

November 1 to 10, 2008
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BPA Balancing authority Total Wind Generation,Wind Basepoint, and Enwvironmental Dispatch, Last 7 days
23Mar2012 - 30Mar2012 {last updated 29Mar2012 15:01:51)
|— Basept — Wind  — EnvFle::Iisp|
5 000 _ :
Saturday Sunday . :
ik | . The Current State of the Art, 2012
4000 SERRRRS e EEEEE T TR DeJa Vu‘) ....... [RRRRRES e RS ) namoanfananoac
2000 -
=
=
2000 -
1000
LY
Mar 23
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http://transmission.bpa.gov/business/operations/Wind/WIND_InstalledCapacity_PLOT.pdf

Wind Forecasting 101
(E—
;

—
4

Govt National Weathen

KPredicti/o’n Modelg
/

o > )

<7 A

«

= Data*
2

kWeatheI' Data / k / Power Prediction
Data ~ 4

(a )

Optional
Vendor
Weather
Prediction * For prediction and training
— Model Wind speed, power output,

availability, temperature etc

k J Qtatistical Engir}e/
Wind Power Prediction Syste
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-

KWeather Data j

B4ta Assimiation

¢cicle

\ J

Foundational Numerical
Weather Prediction

Horizontal Grid
(Latitude-Longitude) |

Vertical Grid :
(Height or Pressure) |

golar  terrestrial
radiation radiation
£ i

-
CONTINENT

Numerical Weather Prediction Model

\@ Forecast Gri(y
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Model Resolution and Its Consequences

« Where is this?
« What about this?

e Unresolved terrain means
unresolved surface
characteristics and physical
processes

1.33 km grid spacing, Pass Height = 150 m

G B TS DR U SN
10 'S ‘l"} "‘_

SN N s
-

o ey -

i s r 0
Y40 GO 60 YO B0 90 100 110 120 130 140 160 160 170 180 190 200 210 220 230 240 200



Example Of Effect Of Model Resolution On A

Mountainous Terrain Cross Section

Peak and valley
not represented
At 9 km

Mountain Range appears as
a smooth bump at 27 km

Details of rolling terrain
not represent at 9 km resolution

X x x X x x X x x X xx X x x X x x X

<>
3 km
<— 9km
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Wind Power Forecasting
System Detailed View

Optional NWP Layer
3D NWP Forecast Typically regional scale e
Grids and Post- 1ﬂﬂ( to downscale
Qrocessed Data / ‘I foundational forecasts
Bata Assimilation T)ata accimilatinn ¢ |54

Data assimilation is
currently unusual here
N D D B B N B B B B B B O e =

Optional NWP Post Processing

Attempts to get the best weather forecast possible to use as an
1nput in power forecastlng by removing model biases

gycle

Power Forecasting _
Statistical | Creates Eﬂg}ifq@cast and Lo |
Weather Data Relationships confidence intervals based on Power
Examples: statistical (often proprietary)

Forecasts /

 NWP forecast to actual | methods (neural net, SVM etc)
weather Utilizes plant and weather data to

Plant Data

. - * Output to weather | tune the forecast to current
ransmission/ » Output to NWP ' conditions
constraints;{ -, K P 'NW l
current capacity, - - - -T'r-alang-'Lagl EI'- - - ..
output, weather

ete { Creates relationships between inputs and outputs using

historical data
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/(( Hortzoreal Gnd

(Lattucle- Longtude) |

Vertical Ged
Pl v Frassum)

.....

“\A‘:‘(-rlvj-l Fest Prod u-'.t:'/"

What Data Is Needed?

Do BA’s need
centralized forecasts?
Do generators need
facility forecasts?

What For?

Optional NWP Layer
Typically regional scale )
to downscale - \
foundational forecasts —
Dala AssMintee Data assimilation is T

Sjoe
currently unusual here -

|-------------—-'
Optional NWP Post Processing
B Attempts to gel the best weather forecast possible lo use as

an input in power forecasting by removing model biases

Power Forecasting Engin

3D NWP Forecast

Grids and Post- {

\ Processed Data

d o Stal J AN Creales power forecast and
Weather Data R.ﬁ]hnﬁh}p; confidence Intervals based on \
. tatiztical (ofte 2% ‘ Power
Examples: siatistical (often proprietary) | |
e « NWP forecast to actual | methods (neural net, SYM atc) A Forecasts 7
" PlantData | weather Utilizes plant and weather data to |
' = [+ Qutput to weather | tune the forecast to current
Transmisson \+ Output to NWP ) conditions
constramis 3 :
— o N NN SN A AER NN SN S S . .-

current capacity)
output, weathar
etc "

Training Layer
Creates relationships between inputs and outputs
using historical data

L
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Wind Power Forecasts Need To
Resolve Local Scale Processes

* Computational requirements are at least
cubic as a function of resolution before
considering vertical resolution

* Smaller scale physical processes occur
on smaller time intervals

* Higher resolution implies more data
needed for initial conditions, boundary
conditions and verification

Probability of Outcome (%)

16

14 -

12 ~

10 -

0

1

2 3 4 5 6 7 8

Snow Fall Total (in)

And Capture the Variability and Uncertainty Statistically
* Ensemble forecasts are needed to encapsulate truth and place

statistical likelihood on different outcomes

* Methods to integrate variability and uncertainty information into

decision s

=
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VERS Will Lower Costs If Properly Integrated

* All generation types have costs, benefits and challenges
* Current operating practices are optimized around thermal generation

* VER challenges are different. Ramming the square VER peg in the
round hole of the current system is inefficient at best.

o Market/system redesign is needed
* There SHOULD be the price associated with VER variability

- BUT also a price associated with the cost of every other generator
* Similarly incentives should be provided to maximize generator benefits
* The value of forecasting is inextricably linked with system design

- The value of forecasting at different horizons and the vision of where
forecasting is going should be a core component of system design
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RESPONSIELE BY NATURE™

Loads and Resources — A New Paradigm

RE Forecasts are nice but don't affect operations RE Forecasts drive operational decisions

RE is must-take RE is dispatchable

Fossil-based facilities operate to a define duty Fossil-based facilities are modified for flexible duty

New facilities chosen for least-cost energy New facilities chosen for least-cost energy w/ flexible
optionality

Renewables

Traditional Utility Paradigm (w/ some RE) High Penetration Portfolio




Taking Forecasting To The Next Level

* Renewable energy (in particular wind) forecasts today are driven by:

- Relatively low resolution forecast model output with 6-hour or longer cycle time
obtained from public sources. These are not sufficient for the job!

- Limited observations that drive statistically based black boxes in the 0-6 hour
range

* A step change in skill can occur especially in the short time horizon (3-12 hrs) if:

- Observing remote sensing technologies are developed and deployed that can
capture large enough samples of the atmosphere to provide data needed for high
resolution assimilation, verification, bias correction and model development

o Operational data assimilation systems are brought up to current-state of the art
while prioritizing R&D in this area

o High resolution cycling models, initialized and constrained with all available data
are deployed ideally in ensembles

o Models are improved to address inadequacies that impact boundary layer process
and accuracy

o Way to properly quantify uncertainty and variability are developed. Without so
much is lef




The Road Less Traveled

* These are huge challenges

» Too big for forecast vendors. Too risky and specialized
for generators. Too expensive for ISO’s. Nobody wants
to invest until the ROI is clearer. Right now it is as

clear as mud.

* But this is all doable and is some low hanging fruit to aid
wind integration — its just needs a kick start

* And the result will have huge benefit to other sectors too

» Transportation, air quality, Homeland Security etc



al Environmental Predi

|
R L
Data Assimilation
NOAA in the USA

K (Specifically NOAA’s National Centers For Environmental Prediction)
- > = -
o R
e ﬂ Weather @ —
N B
Priv.

A

&

Multi-scale Numerical

Meteorological
Data

W 3 And ec%ﬁe‘ works
@ 8| Power
\ Weather Data Data.

Optional Hi- .
H o Flight Level Fcs
5| I Routing Info
rl\e/‘lol((;ellOn Route Optimization
e.g. Aviation

Reson [ — 5 Power Forecphst >

Weather

Prediction :
Model \ Meteorolt;gllsrzi Traders,

Decision Makers

Optimal SR Weathe
~ Related Decision
Making Enabled
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Summary/Priorities

* Short range forecasting is a data driven problem

o Advance remote sensors

o Advance data assimilation
o Advance rapid cycling high resolution modeling techniques
* Accept that a “Perfect Forecast” is impossible

o Yes, strive towards improvements but...

- Focus equal effort on ways to create and use reliable variability and uncertainty data

» Advance ensembles. Make sure output is what “client” needs

» Advance the tools (for grid operations , trading and asset management ) that turn probability data into
actionable information

» Partner and Educate: bridge the divide between atmospheric science, engineering and business
* Model improvement
o Esp. Stable PBL problem, cloud microophysics

* Synergize — Get buy in and support from other sectors
- National data infrastructure.

* Bracket the ROI

- Everyone wants be casts but nobody will invest as they can’t determine the value.
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“And for the sake of our economy, our security and
the future of the planet, I will set a clear goal as
President. We will finally end our dependence om oill
in the Middle East.”

Barack Obama
State of the Union Address
January 25, 2011

Contact Information:
Justin Sharp Ph.D.
Sharply Focused LLC
Office:: 970-JSFOCUS
Cell: 503-709-9781
mail: justin@sharply-focused.com
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